The effect of heat treatment and aging on hardness was investigated using near-stoichiometric and off-stoichiometric Ni 2 MnGa ferromagnetic shape memory alloys. The alloys fabricated by Ar arc-melting method were homogenized at 1273 K, and systematic heat treatments from 773 to 1173 K. Moreover, in order to clarify the aging behavior, some of the alloys were homogenized at 1373 K followed by aging at temperatures of room temperature (RT), 373 K and 473 K. The effects of heat treatment and aging were evaluated through micro-Vickers hardness measurements. It was revealed that hardness increases with increasing heat treatment temperature. It was also found that the hardness values are also higher with deviating from the stoichiometric composition, and that the hardness is higher at the Mn-rich side than at the Mnpoor side of stoichiometry. Moreover, aging behavior was observed for both stoichiometric and off-stoichiometric alloys even at RT. The low temperature aging must be caused by excess vacancies introduced during heat treatment. It is concluded that hardness of Ni 2 MnGa is sensitive to the chemical composition, heat treatment and aging conditions.
Introduction
Shape memory alloys (SMAs) are good actuator materials since most SMAs such as Ti-Ni alloys have large recovery stress and strain. Such unique characteristics of SMAs are due to thermo-elastic martensitic phase transformation from austenite and martensite phases and vice versa in association with temperature change. Ti-Ni SMAs are then widely applying to actuators, smart systems and micro-electro-mechanical systems (MEMS) practically. However, the driving frequency and response time of such usual SMAs are inferior and limited in comparison with PZT systems. The maximum frequency of Ti-Ni alloys is around 100 Hz in the present time. 1) This limitation comes from the reason that the phase transformation of such a kind of SMAs is driven thermo-mechanically and its controlling process is limited by the heat transfers.
2) It is generally believed that, if the austenite phase can be transformed into martensite phase by applying magnetic field, the drive frequency will be dramatically improved. In such a background, Ni 2 MnGa ferromagnetic shape memory alloys possess great attraction to be a new class of actuators exhibiting higher frequency and higher response than usual SMAs.
It has been reported for Ni 2 MnGa alloys that the martensitic transformation temperatures strongly depends on the alloy composition and the electron atom ratio (e/a). [3] [4] [5] Besides, we have already reported that the long-range order (LRO) might additionally influence the martensitic transformation of Ni 2 MnGa, 6) as in Ti-Ni and Ti-Pd alloys. [7] [8] [9] However, no systematic works have been reported for the heat treatment dependence of mechanical properties. Thus, the purpose of this study is to clarify the effect of heat treatment and aging on hardness in Ni 2 MnGa.
Experimental Procedure
One stoichiometric and two off-stoichiometric Ni 2 MnGa alloys containing similar Ga content were designed and fabricated.
The nominal compositions were Ni-27.5 mol%Mn-25 mol%Ga (Mn-rich Ni 2 MnGa), Ni-25 mol%Mn-25 mol%Ga (near-stoichiometric Ni 2 MnGa) and Ni-22.5 mol% Mn-25 mol%Ga (Mn-poor Ni 2 MnGa). The alloys of about 10 g were fabricated by Ar arc melting method using high purity elemental Ni (99.99%), Mn (99.99%) and Ga (99.999%).
In order to evaluate the effect of heat treatment temperature, the ingots were encapsulated into quartz tubes in Ar and homogenized at 1273 K for 86.4 ks followed by 673 K for 604.8 ks in Ar, then, they were quenched into water. The latter treatment aimed at the vacancy elimination. Then, the ingots were heat-treated at 773 K, 873 K, 973 K, 1073 K and 1173 K for 86.4 ks followed by quenching into iced water. The chemical compositions of all alloys were obtained by EPMA (JEOL JXA-8621 Superprobe). In order to identify apparent phases and their lattice parameters, a conventional θ -2θ XRD analysis using RIGAKU Rint2200 was carried out from 20
• to 120
• in 2θ at room temperature (RT) using CuKα radiation of 40 mA and 45 kV. Si powder was measured together as a standard in order to determine the lattice parameters precisely. Specimens supplied for XRD were powdered mechanically. Micro Vickers hardness (HV) was measured more than seven points where applied load and time were 200 g and 15 s, respectively, using Akashi HM-102 Vickers Hardness Tester. The HV values were averaged excluding the highest and lowest values.
In order to evaluate the aging phenomena, the Ni 2 MnGa alloys were homogenized at 1373 K for 86.4 ks in Ar followed by quenching into water. For the XRD measurements some parts of specimens were cut and clashed into powder. Then, they were encapsulated into quartz tube in Ar and heat treated at 1373 K for 0.6 ks followed by quenched into iced water. Aging treatments up to 10 4 ks were performed at room temperature (RT), 373 K and 473 K in air, and micro Vickers hardness was measured during aging using a similar method described above. However, hardness employed was not averaged but each measured value when aged within 100 s, averaged 3 points when aged within a few hundred seconds, and more than 5 points (usually 7 points or more) when aged further.
Results and Discussion

Phase constitution and lattice parameter
The results of EPMA are listed in Table 1 . It was revealed by EMPA that small amount of Mn (1.5-2.0 mol%) of homogenized alloys was reduced in comparison with nominal compositions. However, the ratios between Ni and Ga were kept designated alloy compositions. The alloy compositions were also measured after the heat treatments used in this study, and it was found that few compositional changes were recognized regardless of heat treatment conditions. Then, the reduction of Mn contents might be taken place during melting due to its high vapor pressure.
It was confirmed by XRD that all the alloys were L2 1 single phase regardless of heat treatment. Lattice parameters of L2 1 Ni 2 MnGa alloys as a function of heat treatment temperature are shown in Fig. 1 . The lattice parameters were ranged from 576 to 586 pm. These values are similar to 582.5 pm reported by Webster et al. 10) and 580-584 pm by Soltys. It is noted in Fig. 1 that the heat treatment temperature, T h , dependence of lattice parameter is not linear but complicated. This may be due to the fact that the degree of long range order and the concentration of thermal vacancies may influence the lattice parameter. Figure 2 shows Vickers hardness as a function of Mn content. The hardness values ranged from HV270 to HV290 for the near-stoichiometric alloy, HV291 to HV311 for the Mn-poor alloy and HV294 to HV350 for the Mn-rich alloy.
Compositional and heat treatment temperature dependence on hardness 3.2.1 Effect of composition
The hardness values of the near-stoichiometric alloy were lower than those of both offstoichiometric alloys: the hardness seems to be low near the stoichiometric composition and increases with deviating from the stoichiometry. This tendency is commonly seen in most intermetallic compounds such as Ni 3 Al where the hardening is caused by the compositional defects such as excess atoms occupying other sites and constitutional vacancies. 13) It is also clear that the increase in hardness is larger in the Mn-rich side than that in the Mn-poor side. Such compositional hardening behavior is called the defect hardening and the hardening depends on the type of defects (the antistructure defect or the structure defect), the amount of defects and the atomic size difference. The antistructure defect is also called antisite defect which is formed by excess atoms substituting for other sublattice sites unfilled with constitutional elements. The structure defect is also called the vacancytype defect which is formed by constitutional vacancies occupying sublattice sites unfilled with constitutional elements. Since the number of intermetallics containing structure defect is relatively small due to the large formation energy of vacancies, 14) the defect type of offstoichiometric Ni 2 MnGa alloys is assumed to be the antistructure-type regardless of chemical composition. The defects appeared are followings; (1) Ga and Ni atoms occupy the Mn-sites for the Mn-poor alloy and that (2) Ga and Mn atoms occupy the Ni-sites for the Mnrich alloy. The size misfits expected by using on Goldschmidt radii are listed in Table 2 . The size mismatch is the largest for Ga atoms occupying Ni sites that must be formed in the Mnrich alloy. Therefore, the high hardness values of the Mn-rich Ni 2 MnGa alloys must be, at least partially, explained by the size effect of antistructure atoms. Figure 3 shows Vickers hardness of the alloys as a function of heat treatment temperature. The hardness roughly increases with increasing heat treatment temperature for all the alloys. The increase in hardness with increasing T h can be explained by both disordering (increasing antistructure defects) and introducing thermal vacancies. It should be mentioned for the Mn-rich alloy heat treated at 1073 K that the hardness measured was quite low. Although this does not seem to be caused by some experimental error, the reason of this phenomenon is not understood yet. This decrease in hardness may be related to the order (L2 1 )-disorder (B2) phase transformation, since the heat treatment temperature of 1073 K is close to the order-disorder transition temperature. Figure 4 shows Vickers hardness as a function of aging time for the near-stoichiometric Ni 2 MnGa aged at RT, 373 K and 473 K. Since the loading time of 15 seconds was needed for a measurement, the averaged aging time was plotted in this figure. It is also noted for the aging at 373 K and 473 K that the measurements were done within a few minutes after cooing down to RT. Then, the holding time at RT was not taken into account in these cases. It should be noted in Fig. 4 that the HV value is highest at aging temperature of 473 K and lowest at RT regardless of aging time. Therefore, it can be said that the hardness increases with increasing aging temperature, at least under these experimental conditions used. The increase in hardness, so called age hardening, of these alloys is possibly explained by (1) disordering with increasing temperature, (2) increase in vacancy concentration with increasing temperature, (3) some precipitation products like G. P. zone, and (4) clustering of vacancies and/or solute elements. Surface damage such as oxidation must be, of course, one possibility of hardening. However, no surface damage was seen regardless of aging treatment. Besides, since the hardness of the alloy aged at 473 K decreased with further increasing aging time, oxidation is not the cause of the age hardening seen here.
Effect of heat treatment temperature
Aging behavior 3.3.1 Effect of aging temperature
It is also seen in Fig. 4 that the hardness increases with increasing aging temperature simply for the alloys aged at RT and 373 K. However, when aged at 473 K, the hardness increased with increasing aging time, reached a maximum at 10 ks, rapidly decreased and then kept almost constant value independently of aging time. This decrease is believed to be the age softening which may be due to over-aging. Since the specimens used for aging were quenched from 1373 K (almost 0.9-0.95T m where T m is the melting temperature measured by DSC 15) ) into iced water prior to aging treatment, large amount of quenched in vacancies must be retained just after the quench. These excess vacancies in general migrate even at relatively low temperature, and the diffusion becomes faster with increasing temperature. Based on such background, the hardness change must result from the diffusion of excess vacancies.
Soltys reported that the long range order (LRO) of Ni 2 MnGa increases with increasing cooling rate.
12) The change in LRO order found by Soltys is unusual for general ordered alloys. Because the degree of LRO of ordered alloys generally increase with decreasing cooling rate: the degree of LRO becomes larger (up to 1) with decreasing temperature (down to zero Kelvin) due to thermodynamic third law (the entropy is zero at zero Kelvin). Then, the unusual phenomena of Ni 2 MnGa seen in this study cannot be explained in terms of temperature dependence of long range order. However, the development of long range order can be explained in terms of room temperature aging if a large amount of excess vacancies is easily introduced by quenching. Figure 5 shows hardness as a function of aging time for all the Ni 2 MnGa alloys aged at RT. It was seen that the age hardening occurs, as in for the off-stoichiometric alloys, as well as the near-stoichiometric alloy. This suggests that the aging behavior occurs commonly in the quenched Ni 2 MnGa alloys even holding at room temperature. Although the mechanism of the aging has not been clearly understood yet, the aging must be related with the existence of excess vacancies.
Effect of composition
Thus we concluded that hardness of Ni 2 MnGa is sensitive to the chemical composition, heat treatment and aging conditions. Therefore, the hardness change should be taken into account for the design of Ni 2 MnGa-base smart materials.
Conclusions
(1) The heat treatment temperature dependence of lattice parameter in L2 1 Ni 2 MnGa is not simple: the lattice parameter may be influenced by disordering as well as thermal vacancies.
(2) The hardness of Ni 2 MnGa increases with increasing the compositional deviation from the stoichiometric composition. The increase in hardness at the Mn-rich is larger than that at the Mn-poor side of the stoichiometry.
(3) The hardness increases with increasing heat treatment temperature for all the Ni 2 MnGa alloys investigated.
(4) The hardness of Ni 2 MnGa alloys quenched from 1373 K roughly increases with increasing aging temperature i.e. from RT to 473 K at a constant aging time.
(5) In Ni 2 MnGa alloys quenched from 1373 K, the hardness changes during room temperature aging for all the alloys. The aging phenomena must be due to the diffusion by the existence of excess vacancies.
(6) The hardness of Ni 2 MnGa is sensitive to the chemical composition, heat treatment and aging conditions.
